INTRODUCTION
Inflammatory bowel disease (IBD) is characterized by chronic immune-mediated mucosal inflammation. During inflammatory episodes, increased metabolic demands, reduced oxygenated blood supply due to vascular damage and oxygen depletion by infiltrating immune cells combine to create a localized tissueoxygen deficit (hypoxia). To survive repeated hypoxic insults, eukaryotic cells have evolved a number of hypoxia-responsive protective pathways, many of which are mediated by the oxygensensing heterodimeric transcription factor hypoxia-inducible factor-1 (HIF-1). The HIF-1a subunit is subjected to oxygendependent proteasomal degradation by prolyl-hydroxylasedomain enzymes (PHD) under normal oxygen tensions. The oxygen deficit in inflamed tissues facilitates stabilization of HIF-1a allowing translocation to the nucleus, where it forms a functional complex with the HIF-1b subunit and activates hypoxia-response elements (HRE) of target gene promoters. 1 The HIF response has been widely associated with both mucosal protection and healing, and PHD inhibitors (PHDi) that pharmacologically stabilize HIF are of interest as a potential therapy for IBD, infectious disease, chronic kidney disease and wound healing. [2] [3] [4] [5] [6] Despite this growing interest in HIF as a therapeutic target for inflammatory diseases, much of our knowledge of HIF biology is limited to the epithelium and innate responses, while the role of HIF in shaping T helper cell responses within inflammatory tissue is comparatively poorly defined.
Aberrant CD4 þ T-cell responses have been ascribed a central role in colitis-associated pathology, 7, 8 with differentiation of naive T cells into T helper (Th) subsets, such as Th1, Th2 and Th17 largely dictated by the production of polarizing cytokines. 9, 10 In IBD patients, two important IL-12 family cytokines, IL-12p70 and IL-23, are key to the development of pathogenic Th cell responses. IL-12 and IL-23 are heterodimers with a shared subunit, p40 which pairs with IL-12p35 or IL-23p19, respectively. Both IL-12 and IL-23 are secreted by innate immune cells, such as monocytes and antigen presenting cells, and bind to corresponding receptors on naive T cells. 11 While IL-12 plays a key role in the differentiation of naive T cells to Th1 cells, IL-23 promotes the expansion of Th17 cells. A high proportion of genetic risk loci for IBD are involved in IL-12 family signaling and recent approaches to IBD therapy have employed monoclonal antibodies targeting p40 in an attempt to inhibit both the IL-12 and IL-23 signaling pathways, with these approaches showing efficacy in randomised human trials. 8, 12 Given that aberrant Th1 and Th17 activities have the potential to trigger chronic inflammatory and autoimmune diseases, 13 understanding how Th1/Th17 differentiation and expansion are controlled is likely to provide an explanation of how inflammation is both initiated and sustained in chronic inflammatory diseases, such as IBD.
Although much research has focused on the epithelial contribution to HIF-mediated mucosal protection, studies outlining HIF-mediated adaptive immune responses have been relatively overlooked. On the basis of precursor studies identifying differential IL-12 family gene expression, we hypothesized that mucosal HIF-stabilization during murine colitis would regulate T helper cell populations via IL-12 cytokine family signaling. Employing murine models of colitis, we demonstrated suppression pro-inflammatory T helper cell subsets concurrent with selective induction of IL-12p40, but not IL-12p35 or IL-23p19. In vitro analysis identified conserved hypoxia-responsive elements in the IL-12p40 gene promoter facilitating IL-12p40 homodimer secretion from murine and human monocytes treated with PHDi. IL-12p40 homodimer was sufficient to ameliorate colitis in mice, while PHDi efficacy was lost in IL-12p40-deficient mice. Taken together our results demonstrate a novel regulatory pathway in IL-12 signaling and suggest that pharmacological HIF stabilization indirectly suppresses pathogenic mucosal lymphocyte responses during inflammation.
RESULTS

PHDi-treatment ameliorates DSS colitis-associated pathology
Following our previous work examining the mucosal protection afforded by PHDi compounds in the 2,4,6-trinitrobenzenesulfonic acid (TNBS) and TNFDARE models of colitis, [2] [3] [4] we examined the therapeutic efficacy of PHDi-treatment in the dextran sulfate sodium (DSS) model of colitis. Administration of PHDi ameliorated disease, as measured by body weight and mucosal thickening (Figure 1a) , with significant differences between the PHDi-and vehicle-treated disease groups. Reduced disease was also evident by histopathology inflammation and epithelial injury score on day 10 (Figure 1b,c) . PHDi-treated animals had significantly lower endoscopic scores by day 15 ( Figure 1d ) and this reduced mucosal inflammation in DSS-treated animals receiving PHDi was reflected in percentage weight change from baseline ( Figure 1e ) and histopathology scoring (Figure 1f,g ) on day 15. Because histological disease preceded endoscopic mucosal healing, we examined mucosal cytokine levels, in order to identify whether PHDitreatment led to an overall suppression of immune responses. Tissue cytokine analysis confirmed a reduction in IFN-g, IL12p70, and IL-23 levels with PHDi-treatment (Figure 2a) . Surprisingly, levels of IL-12p40, the common subunit for IL12p70 and IL-23 were significantly elevated with PHDitreatment compared with vehicle-treated DSS mice, suggesting an independent role for PHDi in IL-12p40 expression. To ascertain whether PHDi regulated IL-12p40 at a transcriptional level, we examined the expression of genes for IL-12 family subunits (Figure 2b) . PHDi-treatment of DSStreated animals resulted in a 75 ± 17.8% reduction in il12a transcript compared with vehicle-treated animals. In contrast, and unexpectedly, il12b expression was significantly increased (3.1 ± 0.3-fold increase) in tissue from mice that had received PHDi compared with vehicle-treated mice. Expression of il23a, the gene for IL-23p19, was not significantly increased in DSS or altered by PHDi-treatment. To examine whether these responses were a facet of the DSS colitis model, we examined IL-12 family gene expression in the TNBS model of colitis ( Figure 2c ) and found, similarly to DSS, that il12b was elevated by PHDitreatment while il12a and il23a were reduced. Taken together these data suggest that HIF-stabilization differentially regulates IL-12 subunit genes in murine models of colitis and that IL-12p40 could be a HIF target gene.
PHDi-treatment suppresses Th1 differentiation in the intestinal mucosa and mesenteric lymph nodes of DSS mice
Given that IL-12 family gene signaling was altered in PHDitreated DSS colitis, we investigated whether this altered gene expression resulted in changes to Th1 and Th17 cell populations in the intestinal mucosa and mesenteric lymph nodes (MLN) of DSS-treated animals. Flow cytometry analysis of IFN-g and IL-17 expressing CD3 þ CD4 þ lamina propria lymphocytes (LPLs; Figure 2d ) indicated a significant reduction in CD3 þ CD4 þ IFN-g þ lymphocytes in PHDitreated DSS-treated animals in terms of both total number (35.9±5.9%, P ¼ 0.0055) and percentage of total population (39.0±9.8%, P ¼ 0.0145) (Figure 2e ). By contrast, there was no significant reduction in CD3 þ CD4 þ IL-17 þ cells by either metric (Figure 2e) . Analysis of MLN cell populations ( Figure 2f ) revealed a similar reduction in the percentage (Figure 2g ). These data suggest that PHDi-driven changes in the IL-12p40 gene results in altered Th1 responses in DSS colitis models.
PHDi significantly enhances LPS-induced il12b expression and alters IL-12 protein secretion in vitro
To investigate the mechanism behind the suppression of Th1 responses by PHDi, we utilized an in vitro model incorporating RAW 246.7 murine macrophages to directly analyze the influence of PHDi on IL-12 signaling. Exposure of cultured RAW 246.7 to PHDi resulted in a significant but transient increase of il12b expression at 8 h (Figure 3a) . PHDi treatment also led to a suppression of il12a expression by RAW 246.7 macrophages after 10 h, while PHDi had no influence on il23a expression. To investigate whether this increased il12b induction was influenced by activating stimuli, we co-incubated RAW 246.7 cells with lipopolysaccharide (LPS) and PHDi over 10 h. Cells treated with PHDi had a significantly enhanced il12b induction in response to LPS stimulation as early as 4 h after treatment (Figure 3b ), while again, PHDi treatment also led to a suppression of il12a expression after 10 hours and il23a expression remained unaffected. To assess whether these changes in gene expression influenced IL-12 protein secretion, we analyzed the supernatants of LPS-stimulated RAW 246.7 cells that had or had not been treated with PHDi, by western blot. Although no changes could be detected under reducing and denaturing conditions, when examined under native gel conditions, PHDi-treated supernatants showed three distinct bands at 50, 75 and 92 kDa, (Figure 3c ), corresponding to molecular weights for IL-23, IL-12 and IL-12p40 homodimer, respectively, with the 92 kDa protein corresponding to a recombinant homodimer-loading control. Densitometry analysis revealed a significant increase in IL-12p40 homodimer in the supernatants of PHDi-treated cells, when compared with vehicle treated groups (Figure 3c ). To ascertain whether these findings may have translational relevance, we examined whether LPS-stimulated human peripheral blood monocyte cells (PBMCs) (Figure 4a ) and lamina propria mononuclear cells (LPMCs; Figure 4b ) secreted IL-12p40 homodimer after PHDi treatment. Supernatants were analyzed by western blot and 92 kDa IL-12p40 homodimer protein was only detectable under non-denaturing conditions and transfer conditions without the addition of methanol. Increased IL-12p40 homodimer levels in PHDi-treated and hypoxic cultures were statistically significant upon densitometry analysis (Figure 4c) , confirming that this response is conserved across species. Together these data demonstrate that PHDi-mediated induction of both murine and human IL-12p40 at the gene level, results in increased IL-12p40 homodimer production.
Il12B and IL-12p40 secretion is regulated by hypoxiainducible factor in murine and human monocytes
PHDi inhibition can influence a number of transcriptional pathways, including HIF and NFkB.
14,15 Therefore, we investigated whether il12b induction was directly related to HIF transcriptional activity. Initially we performed in silico analysis of both the murine and human il12b promoter in order to identify potential hypoxia-responsive elements, canonical binding sites for HIF. Bioinformatic analysis with MatInspector, identified two potential HRE sites on the murine il12b promoter and four potential binding sites on the human IL12B promoter (Figure 4d ). On the basis of these analyses, we cloned genomic fragments extending from positions extending 1000 bp from the IL12B TSS into pGL3 luciferase reporter vector. IL12B-transfected U937 cells revealed a 4.5 ± 0.04-fold increase (P ¼ 0.0059) in luciferase activity in response to hypoxia. In addition, we observed a concentration-dependent increase in luciferase activity with PHDi treatment, with a maximal increase of 2.6±0.10-fold at 50 mM PHDi (Figure 4e ). To further identify the contribution of HIF to induction of IL12B with PHDi treatment or hypoxia, we performed site-directed mutagenesis of the IL12B putative HIF-binding sites designated in Figure 4f and examined transcriptional activity following transient transfection into RAW 267.4 (murine) or U937 (human) cells. Because the mil12bDHRE2 site did not have a corresponding HIF ancillary site, we excluded it from investigation. Each HIF-binding region of the murine il12b and human IL12B promoter was mutated to a non-HIF-binding sequence and examined for transcriptional activity compared with the wild-type promoter following transient transfection into RAW267.4 or U937 cells. The hIL12BDHRE1 and hIL12BDHRE2 transfected cells showed a 62 ± 8% and 39 ± 5% decrease in activity elicited by PHDi respectively and 30 ± 8% and 21 ± 6% decrease in activity elicited by hypoxic conditions (all Po0.05 compared with wild-type plasmid) (Figure 4g ). There was no reduction in activity for hIL12BDHRE3 or hIL12BDHRE4 constructs. Mutagenesis of the murine HRE promoters showed a similar reduction in mil12bDHRE1 activity of 42±2% for PHDi and 32±3% for hypoxia ( Figure 4g ). These data indicate that the induction of IL-12p40 due to PHDi treatment is mediated by the HIF-dependent regulation of the IL-12p40 gene.
PHDi-treatment is not protective against DSS colitis in the absence of IL-12p40
Given the conserved nature of HIF-mediated IL-12p40 induction, we investigated the importance of this response in DSS colitis and whether IL-12p40 was necessary for the 
þ lymphocytes compared with WT in both vehicle and PHDitreated DSS IL-12p40 À / À animals at total cell and % live CD4 population ( Figure 5f ). These animals showed a population of CD3 þ CD4 þ IL-17 þ cells that were not significantly affected by PHDi treatment (Figure 5f ). There are a number of IL-23 independent pathways for Th17 cell differentiation, but IL-23 is critical for maintaining these populations. In line with these reports, we identified increased IL-1b and IL-6 transcript and protein ( Figure 5g ) levels in IL-12p40 À / À DSS-treated animals compared with controls and both cytokines are capable of driving Th17 differentiation. Thus these data suggest that, PHDi affords protection against pathology in an IL-12p40-dependent manner.
PHDi-treatment suppresses Th17 responses in the Citrobacter rodentium model of infectious colitis Because our DSS model of colitis did not exhibit a clear Th17 response, we examined next whether PHDi-mediated induction of IL-12p40 was capable of suppressing disease in a welldefined Th17 driven model of colitis. 16 To this end, we investigated Th17-expressing LPLs in the C. rodentium model of infectious colitis with and without PHDi treatment IL-12p40 homodimer requires IL-12p40 driven disease to exert therapeutic benefit.
Based on the necessity of IL-12/IL-23-mediated disease for the benefit of PHDi treatment, and the secretion of IL-12p40 homodimer in vitro, we examined whether recombinant IL-12p40 homodimer (rIL12p40h) requires IL-12/IL-23 driven 
DISCUSSION
This study aimed to examine mechanisms of HIF-mediated suppression of T helper cell responses in animal models of colitis. We have previously shown the importance of epithelial HIF to the protective action of the HIF prolyl-4-hydroxylase inhibitors (PHDi); AKB-4924 in models of colitis. 2 However, little is known about how HIF influences mucosal myeloid populations despite previous observations of a reduction in mucosal pro-inflammatory cytokines. 2, 4, 17 Guided by the initial observation that PHD inhibition differentially regulates genes of the IL-12 family, we identified IL12B as a HIF-responsive gene in human and murine monocyte populations resulting in IL-12p40 homodimer secretion with PHDi-treatment. We demonstrate that PHDi-treatment is sufficient to suppress Th1 and Th17 inflammation in an IL-12p40-dependent manner and describe a novel level of HIF-1a-mediated regulation of T-cell responses via IL-12 family cytokines. HIF-1a-mediated responses have emerged as a powerful signaling pathway involved in a wide range of biological processes. 14, 15 For instance, recent studies have demonstrated that the influx of neutrophils during experimental colitis induces mucosal hypoxia and HIF-1a stabilization and that this process is critical for the resolution of colitis. 18 Although much of our knowledge of inflammatory HIF-responses relates to the epithelium, HIF has also been shown to regulate neutrophil survival and phagocytic capacity. 19, 20 HIF-responses in leukocytes is an expanding and important area of research, 21 which is unsurprising, given that cells recruited to inflamed tissue will migrate from a relatively oxygen rich environment to the anoxic environment of inflamed tissue.
In considering how HIF stabilization may influence leukocyte responses in inflamed tissue, we observed that PHDi enhanced LPS-mediated induction of IL12B. This may suggest a synergistic relationship between hypoxia and TLR4 signaling, and indeed HIF-mediated enhancement of LPS responses have been previously identified in pancreatic ductal adenocarcinomas. 22 In support of this, we identified HREs in both human and murine IL12B promoters. In the human promoter, À / À mice. Data expressed as mean ± s.e.m., (n ¼ 6-9 per group). (a) Two-way ANOVA, (b, g) student's t-test, (d, f) one-way ANOVA, *Po0.05, **Po0.01. Scale bar,100 mm. ANOVA, analysis of variance; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; KO, knockout; WT, wild type. transcriptional regulation of IL12B was restricted to the two HREs most distal to the transcriptional start site. Of note, the proximal HRE also coincided with an AHR binding site and may represent xenobiotic response elements rather than canonical HREs. 23 Interestingly, AHR has been identified as crucial to IL-17/22 innate lymphoid cell (ILC) responses 24 and in this way hypoxia, and HIF, may have a role in regulating ILC homeostasis via the HIF/IL-12 axis.
Targeting the IL-12 family pathway has shown promise for the treatment of IBD.
12,25 IL-12 and IL-23 are heterodimers with a shared subunit, p40, and unique subunits IL-12p35 and IL-23p19, respectively. Given the therapeutic approach of targeting the IL-12p40 subunit, it is surprising that IL-12p40 À / À DSS mice suffered severe disease in models of colitis comparable to wild-type and this observation is consistent with other animal models of IBD. 26, 27 Although IL-12 and IL-23 are key regulators of Th1/Th17 responses, respectively, their importance in initiating and sustaining mucosal inflammation appear to be distinct. In acute or infectious models of colitis, deletion or inhibition of IL-12p35 (refs 26,27) or IL-23p19 (refs 28-31) leads to reduced pathology, suggesting that both of these cytokines are important in initiating innate inflammatory cascades. In contrast, IL-23 appears to have a regulatory role in the adaptive response as specific depletion of IL-23 from T lymphocytes or dendritic cells increases pathology in colitis models, 28, 32 with a loss of balance between IL-23 and IL-12 contributing to disease. 32, 33 In addition, IL-12 appears to have greater influence on systemic rather than mucosal immune responses as inhibition of IL-12, but not IL-23, signaling led to reduced wasting and serum cytokines in CD40-stimulated colitis. 34 These findings are supported by work in the C. rodentium model showing that loss of either IL-12 or IL-23 impairs resistance to infection. 35, 36 In reviewing the sometimes-conflicting reports on IL-12 and IL-23 signaling in mucosal inflammation, it is worth considering that much of our knowledge on the interplay of these cytokines in innate mucosal responses precedes our current understanding of innate lymphocytes such as ILCs, for which IL-12 and IL-23 are also critical. 37 Contrasting roles for innate and adaptive lymphoid responses would explain why IL-23 depletion is protective in acute colitis, but when crossed with RAG2 À / À mice, IL-23 deficient animals exhibit more severe disease, 28 as ILCs would be unaffected in these animals. In support of a role for innate cell responses is the regulation of IL-17 and IL-22 observed in C. rodentium mice treated with PHDi. Recently identified innate Th17 (iTH17) cells are a source of pathogenic IL-17A and IL-22 in murine infection models 38 and the loss of IL-17 in favor of IL-22 may reflect a suppression of these cells. In addition, the novel finding that IL-22 is a transcriptional target for HIF may indicate that hypoxia and hypoxiaresponses are globally important in regulating mucosal cytokine responses 39 Given that IL-22 has a dual nature in promoting both inflammation and resolution, contextually coupling both IL-12p40 and IL-22 to a hypoxia response would support the hypothesis that HIF signaling acts to limit the extent of the immune response. Future studies identifying contrasting regulation of HIF/IL-12/23 responses in innate vs. adaptive cells, are likely to be important. For instance, the recent discovery of a GM-CSF/IL-23 axis that regulates eosinophils in IL-23/Th17 models of colitis 40 may indicate that an imbalance of IL-12/23 could also promote a T helper Type-2 rather than Th17 response, which in the GI tract, may be important in the context of homeostasis, and indeed, eosinophils are important in both IBD 41 and functional GI disorders (FGIDs). 42 In addition, both Th1 and Th17 populations can arise independently of IL-12/IL-23. For instance, inflammasome activation e.m., (a, e and f) two-way ANOVA (n ¼ 6 per group), (b-d) one-way ANOVA (n ¼ 6 per group) (g, h) student's t-test, (n ¼ 6 per group) * and w Po0.05 ** and ww Po0.01, ***Po0.005. Scale bar, 100 mm. ANOVA, analysis of variance; DSS, dextran sulfate sodium; H&E, hematoxylin and eosin; TNBS, 2,4,6-trinitrobenzenesulfonic acid; WT, wild-type.
of IL-18 signaling is sufficient to drive IFN-g secretion and Th1 responses 43 while Th17 differentiation can occur independent of IL-23 via TGF-b and IL-6 signaling 44 or HMGB-1 and IL-1b, 45 suggesting that there are redundancies for IL-12 family-mediated T helper cell responses. Nevertheless, the fact that some studies report that IL-12p40-deficient mice actually exhibit more severe disease 26 suggests that IL-12p40 may be involved in inflammatory suppression.
The IL-12p40 monomer can dimerize to form a homodimer 46 that acts antagonistically against IL-12 and IL-23 (ref. 47 ) and has been shown to suppress inflammatory pathways in a number of disease models. 48, 49 For instance, recombinant IL-12p40 homodimer prevents IL-12-mediated shock in murine models 48 while an IL-12p40-IgG fusion protein has been shown to be protective in the TNBS murine model of colitis 49 and this protection occurs due to excess levels of homodimer that inhibit Th1/Th17 pathways. 50 The antagonistic properties of IL-12p40 homodimers may therefore act as an inflammatory suppressor, promoting inflammatory resolution, and this hypothesis has been suggested to explain the observation of increased IL-12p40 in the serum of IBD patients in remission. 51, 52 The biological role of IL-12p40 homodimer has not been well-defined and remains controversial. 53 Indeed, many studies erroneously suggest that IL-12p40 homodimer is not secreted by human immune cells; however, IL-12p40 homodimer has been identified in human airway epithelia 54 and microglia. 53 In agreement with these studies, we identified homodimer secretion from both mouse and human monocyte populations in response to PHDi or hypoxia. A mechanism for the concurrent reduction in IL-12p35 was not identified in this study and no obvious HRE was identified in the IL12A promoter. It is likely that the IL-12p35 subunit is indirectly regulated by hypoxia and there is evidence to suggest that hypoxia-associated microRNAs 55 can suppress IL-12p35 expression. 56 Whether PHDis promote this response is yet to be determined. Important in this context, previous work by Kim et al. 57 has demonstrated in vitro suppression of IL-12 and IL-23 by IL-12p40 homodimer, while delivery of adenovirus expressing IL-IL-12p40 suppressed IL-17 while enhancing IFN-g responses in DSS colitis. Crucially, the study by Kim et al. had a number of methodological differences to the current study and of the IL-12p40 produced by adenovirus delivery only 16.9% was IL12p40 homodimer. In our study, both recombinant IL-12p40 homodimer and combined homodimer and IL-23 blockade was more effective than blockade of IL-23 alone, suggesting that the influence of IL-12p40 homodimer is not based solely on IL-23 inhibition. In the context of mucosal inflammation, the observation that IL-12p35 was suppressed by PHDi may indicate that in the setting of mucosal inflammation, a concurrent suppression of IL-12p35 is important for the secretion of biologically active IL-12p40 homodimer.
IL-12p40 is particularly interesting in the context of IBD, as a large proportion of single-nucleotide polymorphisms (SNPs) identified as risk loci for IBD are involved in IL-12 family signaling. 51, 58 The functional nature of IL-12 family SNPs have not been identified, but polymorphisms that influence the HIF-IL12B axis could promote chronic inflammation. In addition, at least two SNPs for HIF-1 have been identified as risk factors for colorectal cancer. 59 Recent studies have suggested that HIF-1 does not have a role in tumorigenesis; 60 however, it is possible that SNPs that drive over-activation of the HIF-IL12B axis after tumorigenesis could promote immune-evasion by colorectal cancers. One functionally defined polymorphism related to IL12p40 results in a stronger binding affinity of IL-12p40 to the p35 and p19 dimers, 61 and in this regard may allow acute inflammation to proceed to chronic disease due to an absence or reduction of antagonistic homodimer formation. Conversely, evidence of a pathogenic role for IL-12p40 homodimer lies in the observation that the airway epithelia of asthma patients have increased levels of IL-12p40, manifesting as homodimer, that skews inflammation towards Th2 signaling 54 by suppressing Th1 responses, particularly during viral infections. Interestingly, epithelial HIF stabilization is also a feature of asthma 62 and myeloid HIF-1 expression is associated with Th2-skewing 63 suggesting that the HIF-IL12B axis this may represent a maladaptive pathway in certain conditions. In the context of cancer, in vitro studies suggest that excessive IL12p40 secretion from breast cancer cells may promote tumor development via inhibition of NK cells. 64 Thus homodimer secretion, in a maladaptive setting, may be a further link between hypoxia and cancer. Our observation that HIFmediated IL-12p40 induction led to reduction of both Th1 and Th17 cell populations in the lamina propria of colitis models in a manner similar to treatment with homodimer, offers a possible mechanism linking both HIF and IL-12/23 SNPs with IBD.
Our work demonstrates that IL-12p40 is selectively regulated by HIF and this transcriptional pathway may represent an endogenous ''off switch'' for inflammation, activated when immune infiltration reaches the tissue's hypoxic threshold and signaling outward to limit the extent of immune cell influx into the inflamed tissue, therefore acting as an ''inflammatory brake'' ( Figure 8 ). This observation may explain the increases of serum IL-12p40 in remitting IBD patients 52 and may therefore represent a mechanism which dictates whether inflammation resolves or progresses to chronicity. While antagonism of IL-12/IL-23 may offer similar translational potential as monoclonal antibodies targeting IL-12p40, these monoclonal therapies will also target p40 homodimer, thus the potential of supplementing antibody therapies with recombinant homodimer may improve the efficacy of this approach. Importantly, our findings offer two new therapeutic strategies for mucosal inflammatory disease; prolyl-hydroxylase inhibition and IL-12/IL-23 antagonism to target inflammatory conditions.
METHODS
Bacterial and cell culture. The RAW264.7 murine macrophage cell line (ATCC T1B-71, Manassas, VA) was cultured in DMEM and the human U937 monocyte cell line (ATCC CRL-1593.2) was cultured in RPMI 1640. Both media were supplemented with 10% heat-inactivated fetal bovine serum (FBS, Bovogen Biologicals, Kellor East, Victoria, Australia) and penicillin (100 units ml À 1 ), streptomycin (0.1 mg ml À 1 ), HEPES (25 mM), nonessential amino acids, L-glutamine (4 mM). Cells were seeded at a density of 5 Â 10 4 cells cm
and maintained in 5% C0 2 , 37 1C. U937 cells were differentiated to macrophages by the addition of phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO) at a final concentration of 160 nM, 48 h before assay. The PHDi AKB-4924 was a generous gift from Aerpio Therapeutics, Cincinnati, OH, USA. Cells were treated with cyclodextrin vehicle or 5 uM AKB-4924 in medium alone or in the presence of lipopolysaccharide (Escherichia coli LPS, 100 ng ml À 1 , SigmaAldrich). C. rodentium was obtained from the ATCC. C. rodentium were cultured overnight and resuspended in sterile PBS for murine infection, as previously described. 65 Animal models. Wildtype (WT) female BALB/c, C57Bl/6 and C57Bl/6-IL-12p40 À / À (KO) mice (Australian BioResources, Moss Vale, New South Wales, Australia) (6-8 week old) were housed for one week to allow microflora equilibration. For the DSS model, mice received 2.5% w/v dextran sodium sulfate (DSS; M.Wt. 36,000-50,000; MP Biomedicals, Illkirch, France) in drinking water ab libitum for 5 days, followed by 5 days of drinking water. TNBS colitis was initiated as previously described. 17 For the C. rodentium model, mice received an oral gavage with 0.1 ml of 2.5 Â 10 8 CFU of C. rodentium. The PHDi AKB-4924 (Aerpio Therapeutics (5 mg kg À 1 )was administered at 48 h intervals via 100 ml intraperitoneal injection. Cyclodextrin (100 ml) was administered as a vehicle. Body weight was monitored daily over the course of the experiment from day-1 relative to disease induction. All experiments were performed in accordance with institutional approvals. Recombinant IL-12p40 homodimer (#499-ML-025) and Mouse Anti-IL-23 p19 Antibody (#AF1619) were obtained from R&D Systems (Minneapolis, MN, USA) .
Clinical samples. Mucosal biopsies and blood samples were obtained from human volunteers (N ¼ 10, 22-45 years of age, six male and four female) undergoing routine endoscopic screening for non-inflammatory disorders. All clinical studies were performed in accordance with institutional ethics approvals.
IL12B promoter analysis. In silico analysis of the IL12B promoter sequence was carried out using MatInspector (https://www.genomatix.de) and revealed the existence of two potential binding sites for HIF-1 (core sequence 5-RACGTG-3) in the murine IL12B promoter and 4 potential HIF-1-binding sites in the human IL12B promoter. The human IL12B promoter construct, cloned into a pGL-3 basic luciferase expression vector was originally purchased from Switchgear Genomics (Carlsbad, CA). The murine IL12B promoter was generated from RAW264.7 cell genomic DNA using standard PCR with Accuprime DNA polymerase (Invitrogen, Carlsbad, CA) and cloned into pGL-3 basic luciferase expression vector (Promega, Madison, WI, USA) as previously described. Homology to published sequence was confirmed by sequencing. Site-directed mutagenesis was performed as previously described. 3 Cells were transfected with plasmid constructs using Fugene-6 transfection reagent (Promega). All activity was normalized with respect to co-transfected Renilla plasmid and Dual-Luciferase Reporter assay (Promega) was used to measure the ratio of firefly Renilla/luciferase.
RT-PCR. RNA was extracted from colon segments or purified cells with TRIzol Reagent (Invitrogen) and complementary DNA (cDNA) generated (Bio-Rad iScript). mRNA analysis was carried out by realtime-PCR assays using previously validated primers (Realtime Primers, Elkins Park, PA) and normalized to the housekeeping gene ACTB for generation of DCt values. Relative expression was quantified with the 2 À DCt method.
Isolation of colonic lamina propria monocytes (LPMC) and peripheral blood monocyte cells (PBMC). Murine colonic tissue or colonic biopsies were washed with PBS. For removal of the epithelium, colons were incubated with Hank's balanced salt solution (HBSS) without Mg 2 þ or Ca 2 þ , supplemented with 10% heat-inactivated FBS, 10 mM HEPES and 5 mM EDTA. Tissue was then digested using collagenase D (25 mg ml À 1 , Roche) in HBSS (Life Technologies, Carlsbad, CA) supplemented with 10 mg ml À 1 DNase I (Roche, Basel, Switzerland) for 45 min in a shaking water bath (37 1C). Cell suspensions were strained and the digestion repeated. Cells were resuspended in 40% Percoll (GE Healthcare, Parramatta, New South Wales, Australia) and layered on 80% Percoll before centrifugation at 900g at r.t. to purify lymphocyte populations. PBMCs were similarly isolated by density centrifugation as previously described. 66 In vitro and ex vivo cell culture assays. RAW 264.7 cells, murine LPMCs or human PBMCs were plated at a density of 5 Â 10 5 in RPMI media, supplemented with 10% FBS in U-bottom 96-well plates. Cells were stimulated with 10 ng LPS in the presence or absence of PHDi (AKB-4924, 5 mM) and incubated in either hypoxic conditions (37 1C, 1%O 2 , 5%CO 2 , PLAS-Labs hypoxia chamber) or normal culture conditions. At 24 and 48 h time-points supernatants were collected for assay.
Cytokine protein analysis. Mucosal cytokine levels were assayed by cytometric bead array (CBA) assay (BD Bioscience, San Jose, CA) as per the manufacturer's instructions.
Flow cytometry. Combinations of the following anti-mouse antibodies were used for flow cytometry; CD3-efluor780, CD4-FITC, CD8-PerCP,IL-17-efluor710, anti-IL22-PE and IFN-g-PeCy7. Live/ Dead staining was performed with Live/Dead efluor506 (EBioscience, San Diego, CA). For intracellular cytokine staining, 1 Â 10 6 cells isolated from the lamina propria or MLN were stimulated with Phorbol myristate acetate (PMA, 50 ng ml À 1 ) þ Ionomycin (1 mg ml À 1 ) for 6hr in the presence of Brefeldin A (5 mg ml À 1 ). Samples were fixed and permeabilized, and acquired using BD CANTO II or FACS ARIA II (Becton Dickinson, Franklin Lakes, NJ). Data were analyzed with FlowJo software (Treestar, Ashland, OR).
Western blotting. IL-12p40 homodimer was identified by native polyacrylamide gel electrophoresis and western blot. Cell supernatants were resolved on 7% SDS-polyacrylamide gels. Recombinant IL-12p40 homodimer (rIL-12p40h) was used as a standard. Proteins were transferred to membranes by semi-dry blotting in methanol-free transfer buffer. IL-12p40 homodimers were detected by incubation with a primary anti-IL-12p40 mAb (clone EPR5739; ab133752) (Abcam, Cambridge, UK) followed by Goat-anti-rabbit IgG secondary (Abcam #HAF008). The membranes were then visualized by chemi-luminescence (SuperSignal WestPico Chemi-luminescence, Thermo Fisher Scientific, Waltham, MA).
Histological scoring. Histological grading of severity of inflammation and epithelial injury was scored blinded and then unblinded by a gastrointestinal pathologist as previously published. 17 The degree of inflammation and epithelial injury was graded semi-quantitatively by a system modified from Neurath et al. 67 For the C. rodentium model colitis score was assessed as previously described by Nordlander et al. 68 and Simmons et al.
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Endoscopic scoring. Animals were examined using a small animal gastrointestinal endoscope (Karl Storz Endoscopy Australia Pty, Lane Cove West, New South Wales, Australia) as previously described. 17 Images and videos were recorded to characterize the extent of disease throughout the length of the colon. Disease was assessed by the presence and/or extent of disease pathologies based on a specific criteria previously published. 17 Each pathological feature was assigned a numerical value between 0 and 3 representative of the presence and/or extent of a specific disease feature in the animal. Each animal's recording was carefully examined and scored under blind conditions to avoid bias. Animals were given a total score out of 15 as a representation of disease severity, with 0 representing negligible disease present to 15 representing the presence of severe disease.
Statistical analysis. Due to the time-dependent nature of immune cell isolation protocols, all colitis experimental data is representative of at least two experiments, where groups of N ¼ 3 were pooled. For cell culture experiments each N represents a passage of cells with three technical replicates per passage. Data was analyzed by Student's t-test, Mann-Whitney U-test or analysis of variance as appropriate using GraphPad Prism (La Jolla, CA). Mean data are expressed with error bars denoting s.e.m. *Po0.05, **Po0.01, ***Po0.001.
